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 ,QWURGXFWLRQ
7KHPDLQGLIIHUHQFHEHWZHHQK\GURJHQDWHGDPRUSKRXVVLOLFRQD6L+EDVHGVRODUFHOOVDQGFU\VWDOOLQH
VLOLFRQF6LVRODUFHOOVLVWKDWD6L+GHSHQGVDOPRVWRQHOHFWULFILHOGGULIWRIFKDUJHFDUULHUVLQVWHDGRI
PLQRULW\FDUULHUGLIIXVLRQWRFROOHFWWKHSKRWRFXUUHQW>@7KHFDUULHUGLIIXVLRQOHQJWK/LQD6L+/≈
PLVDWKRXVDQGWLPHVVPDOOHUFRPSDUHGWR/≈PLQF6L7KHUHIRUHD6L+EDVHGVRODUFHOOVDUH
GHVLJQHG WRKDYHDKLJKHOHFWULF ILHOGUHJLRQ LQ WKH LOD\HU WRVZHHSSKRWRFDUULHUV WR WKHFRQWDFWVEHIRUH
WKH\ UHFRPELQH 7KH HOHFWULF ILHOG LQ WKH LOD\HU LV VWURQJO\ GHSHQGHQW RQ WKH ELDV YROWDJH ZKLFK
FRPSOLFDWHV WKH FXUUHQW GHQVLW\YROWDJH -9 DQDO\VLV FRPSDUHG WR RWKHU VRODU FHOO WHFKQRORJLHV0DQ\
HIIRUWVDUHGRQH WRXQGHUVWDQGPRGHODQGVLPXODWH WKHGHYLFHSLQD6L+RSHUDWLRQXQGHU LOOXPLQDWLRQ
DQGYROWDJHELDV>@

7KH FROOHFWLRQ OHQJWK/F RI D VRODU FHOO LV GHILQHG DV WKH GLVWDQFH ZKLFK WKH SKRWRJHQHUDWHG FKDUJH
FDUULHUFDQWUDYHOEHIRUHLWUHFRPELQHV7KHFROOHFWLRQOHQJWKLVXVHGWRPRGHOWKHRSWLFDOGHJUDGDWLRQ>@
PRGHO WKH -9 FKDUDFWHULVWLFV RI D6L+ VRODU FHOOV >@ DQG WR HVWLPDWH WKH WKLFNQHVV HIIHFW RQ WKH FHOO
SHUIRUPDQFH>@%DVRUHKDVGHYHORSHGDPHWKRGWRGHWHUPLQHFROOHFWLRQOHQJWKIURPWKHLQWHUQDOTXDQWXP
HIILFLHQF\ >@  7KLV PHWKRG LV EDVHG RQ WKH PLQRULW\ FDUULHU GLIIXVLRQ DQG DFFRUGLQJ WR WKH DXWKRUV
NQRZOHGJHLWLVQRWXVHGIRUHOHFWULFILHOGGULYHQVRODUFHOOVVXFKDVD6L+DQGD6L*H+EDVHGVRODUFHOOV

7KLV SDSHU LQWURGXFHV DPHWKRG EDVHGRQ WKH%DVRUHPHWKRG >@ WR H[WUDFW WKH FROOHFWLRQ OHQJWK/F
IURPWKH LQWHUQDOTXDQWXPHIILFLHQF\GDWD IRU ILHOGGULYHQVRODUFHOOVVXFKDVD6L+DQGD6L*H+VRODU
FHOOV:H DSSO\ WKLV PHWKRG WR RXU D6L*H+ FHOOV ZKLFK DUH GHVLJQHG DV D ERWWRP FHOO IRU D6L+D
6L*H+ WDQGHP VWUXFWXUH 7KLV PHWKRG VKRZV WKDW LQFUHDVLQJ WKH K\GURJHQ GLOXWLRQ UDWLR '5 GXULQJ
JURZLQJWKHLOD\HURIWKHD6L*HSLQVRODUFHOOLQFUHDVLQJWKHFROOHFWLRQOHQJWKIURP/F QPDW'5
   WR /F    QP DW'5    7KH VWUHQJWK RI WKH GHYHORSHG PHWKRG LV WKDW LW HQDEOHV WKH
HVWLPDWLRQRI WKH UHDO LOD\HU WKLFNQHVV DQG LW H[FHOOHQWO\ UHSURGXFHV WKHRULJLQDO LOD\HU WKLFNQHVVHV IRU
ERWKFHOOVZLWK'5 DQGZLWKDFFXUDF\!

 ([SHULPHQWDO3URFHGXUH
,Q WKLVZRUN SODVPD HQKDQFHG FKHPLFDO YDSRU GHSRVLWLRQ 3(&9' VHUYHV WR GHSRVLW K\GURJHQDWHG
DPRUSKRXVVLOLFRQD6L+DVZHOODVK\GURJHQDWHGDPRUSKRXVVLOLFRQJHUPDQLXPDOOR\VD6L[*H[+
7KH VXEVWUDWHV WHPSHUDWXUH LV IL[HG DW  & KHDWHG IURP WKH ERWWRP RI WKH VXEVWUDWH YLD D FHUDPLF
KHDWHU7KHSUHVVXUHDQGSRZHUXVHGDUH7RUUDQGP:ҡFPUHVSHFWLYHO\7RGHWHUPLQHWKHRSWLFDO
SURSHUWLHV DQG WKH JURZWK UDWH RI LQGLYLGXDO OD\HUV ILOPV DUH JURZQ RQ ´ 6L ZDIHUV 7KHZDYHOHQJWK
GHSHQGHQW FRPSOH[ UHIUDFWLYH LQGH[ Q  LN DQG WKH ILOP WKLFNQHVV DUH GHWHUPLQHG E\ PRGHOLQJ WKH
PHDVXUHGUHIOHFWLYLW\RIZKLWHOLJKW>@7KH7DXFHQHUJ\LVWDNHQDVDPHDVXUHRIWKHILOPEDQGJDS(J>
@ 7KH *H DWRPLF FRQWHQW LV GHWHUPLQHG E\ VHFRQGDU\ LRQ PDVV VSHFWURVFRS\ 6,06 DW YDULDEOH
*H+6L+JDVUDWLRVWRFDOLEUDWHWKHSURFHVV7KHK\GURJHQGLOXWLRQUDWLRLVGHILQHGDV'5 +*H+
6L+

)LJVFKHPDWLFDOO\GHSLFWV WKHVWUXFWXUHRIWKHSLQVRODUFHOOGHSRVLWHGRQDJODVVVXSHUVWUDWH7KH
JODVV LV ILUVW FRYHUHG E\ VSXWWHUHG DOXPLQXP GRSHG ]LQF R[LGH =Q2$O DQG WKHQ WH[WXUHG E\ GLOXWHG
K\GURFKORULFDFLG+&O7KHWH[WXUHGIURQW=Q2$OHOHFWURGHWRJHWKHUZLWKWKHEDFNUHIOHFWRUFRPSRVHG
RI=Q2$ODQGPHWDOVWDFNHQKDQFHVWKHOLJKWWUDSSLQJLQVLGHWKHVRODUFHOO7KHVKHHWUHVLVWDQFH5VRIWKH
=Q2$OLVFRQWUROOHGDWYDOXHV5V ≤ Ω 7KHLOD\HUKDVD*HFRQWHQWRIDQG(J H9
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glass
textured ZnO:Al
p+
n+
i-layer
a-Si(1-x)Gex:H
ZnO:Al
Ag/Al
700 μm
800 nm
12 nm
120 nm
15 nm
800 nm
textured ZnO:Al
Zn :Al
50/150 nm 
)LJ6FKHPDWLFRIWKHD6L*HEDVHGVRODUFHOOGHSRVLWHGE\3(&9'RQDJODVVVXSHUVWUDWH/LJKWSHQHWUDWHVWKHJODVVDQGWKH
=Q2$OOD\HUDQGLVDEVRUEHGPDLQO\LQWKHLQWULQVLFD6L*H+DEVRUEHUOD\HU7KHIURQW=Q2$OLVWH[WXUHGE\+&OWRVFDWWHUWKH
OLJKWDQGLQFUHDVHLWVEDWK$EDFNUHIOHFWRUVWDFNRI=Q2$ODQGPHWDOLVXVHGWRHQKDQFHWKHOLJKWWUDSSLQJLQVLGHWKHFHOO
 5HVXOWVDQG'LVFXVVLRQV
,QRUGHU WR FRQWURO WKH HQHUJ\EDQGJDSRI WKH LOD\HU WKHJHUPDQLXPFRQWHQW VKRXOGEH FRQWUROOHG
7KHUHIRUH LQGLYLGXDO D6L[*H[+ OD\HUV DUH GHSRVLWHG RQ 6L VXEVWUDWHV ZLWK YDULDEOH *H+6L+ JDV
UDWLRVDQGWKHSHUFHQWDJH*HDWRPLFFRQWHQWLVPHDVXUHGE\6,06)LJDVKRZVWKHPRQRWRQLFLQFUHDVH
LQWKH*HFRQWHQW[ZLWKLQFUHDVLQJWKHJHUPDQHJDVUDWLRDWFRQVWDQWK\GURJHQGLOXWLRQ7KHHIILFLHQF\RI
*H LQFRUSRUDWLRQ LV KLJKHU DW ORZ JHUPDQH JDV UDWLRV WKDQ KLJKHU JDV UDWLRV *HUPDQH UDWLR RI 
SURGXFHV*HFRQWHQWZKLOHJDVUDWLRSURGXFHV*HFRQWHQW7KHUHIRUH LW LVSUHIHUDEOH WR
IORZORZJHUPDQHUDWLRWRHQKDQFHWKH*HLQFRUSRUDWLRQHIILFLHQF\7KHJRYHUQLQJIDFWRULVWKHEDQGJDS
RIWKHLOD\HUZKLOHD6L[*H[+VRODUFHOOVDUHPDLQO\GHVLJQHGIRUERWWRPFHOOVRIWDQGHPVWUXFWXUHV,W
LVNQRZQWKDWGHFUHDVLQJWKHEDQGJDSORZHUWKDQH9GHWHULRUDWHWKHPDWHULDOWKHUHIRUHZHDUHDLPLQJ
WKHPLQLPXPDYDLODEOHEDQGJDS(J H9>@

)LJELOOXVWUDWHVWKHEDQGJDSYDULDWLRQRID6L[*H[+ZLWKWKH*HFRQWHQW[7KHOLQHDUGHFUHDVHRI
WKHEDQGJDSZLWK*HFRQWHQWDJUHHVZLWKWKHSUHYLRXVVWXGLHV>@)RUVRODUFHOODEVRUEHURIWKHERWWRP
FHOORIWKHD6L+D6L[*H[+WDQGHPVWUXFWXUHZHIL[WKH*H+6L+ ZKLFKFRUUHVSRQGVWR
DW*HFRQWHQWDQG(J H9

)LJDVKRZVWKHFXUUHQWGHQVLW\YROWDJH-9FKDUDFWHULVWLFVRIWZRFHOOVJURZQDWGLIIHUHQWK\GURJHQ
GLOXWLRQRIDQG7KH WZRFHOOVKDV WKHVDPHLOD\HU WKLFNQHVVG QPDQGGHSRVLWHGE\ WKH
VDPHSODVPDSRZHUGHQVLW\3 P:FPDQGSUHVVXUHS 7RUU,QFUHDVLQJWKHK\GURJHQGLOXWLRQ
IURP WR LQFUHDVHG WKH VKRUW FXUUHQWGHQVLW\E\$FPDQG WKH ILOO IDFWRUE\7KHFHOO
HIILFLHQF\LVHQKDQFHGE\DEVROXWH:HDVFULEHWKHHQKDQFHPHQWRIWKHFHOOWRWKHLOD\HUHOHFWURQLF
TXDOLW\ 7KH TXDQWXP HIILFLHQF\ PHDVXUHPHQW HQDEOHV TXDOLWDWLYH DQG TXDQWLWDWLYH H[SODQDWLRQV RI WKH
HOHFWURQLFHQKDQFHPHQWGXHWRK\GURJHQGLOXWLRQLQFUHDVH

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)LJD&DOLEUDWLRQRI*HFRQWHQWDVDIXQFWLRQRIWKH*HUPDQHWR6LODQHJDVUDWLR*HDWRPLFFRQWHQWLVGHWHUPLQHGE\6,06IRU
OD\HUVGHSRVLWHGE\3(&9'DWP:FPDQG7RUURQ´6LZDIHUV7KHWRWDOK\GURJHQGLOXWLRQLVNHSWFRQVWDQWDWIRUDOO
OD\HUVE7KHHIIHFWRI*HFRQWHQWRQWKHRSWLFDOEDQGJDS(JRID6L[*H[ILOP7KH7DXFHQHUJ\LVGHWHUPLQHGIRUWKLQOD\HUV
GHSRVLWHGRQ´6LZDIHUVIURPWKHZKLWHOLJKWUHIOHFWLYLW\PRGHOLQJ6L2WKLQOD\HULVGHSRVLWHGEHIRUHWKHD6L[*H[OD\HUWRDYRLG
WKHGHOLPLWDWLRQRIWKHOD\HU








)LJ D7KHFXUUHQWGHQVLW\YROWDJHFKDUDFWHULVWLFVRI WZR FHOOVJURZQDWGLIIHUHQWK\GURJHQGLOXWLRQRIDQG$OORWKHU
GHSRVLWLRQ SDUDPHWHUV DUH LGHQWLFDO  7RUU : DQG *H+6L+    ,QFUHDVLQJ WKH K\GURJHQ GLOXWLRQ IURP  WR 
LQFUHDVHGWKHVKRUWFXUUHQWGHQVLW\E\$FPDQGWKHILOOIDFWRUE\7KHFHOOHIILFLHQF\ηLVHQKDQFHGE\DEVROXWHE
7KHLQWHUQDOTXDQWXPHIILFLHQF\HQKDQFHPHQWE\LQFUHDVLQJWKHK\GURJHQGLOXWLRQUDWLR7KHSHDNRIWKH,4(LVQRWVKLIWHGZKLFK
PHDQVWKDWWKHUHLVQRFKDQJHLQWKHEDQGJDS7KHHQKDQFHPHQWLVGXHWRFROOHFWLRQHIILFLHQF\LQFUHDVH

)LJ E GHSLFWV WKH LQWHUQDO TXDQWXP HIILFLHQF\ RI WKH WZR FHOOVZLWK LGHQWLFDO GHSRVLWLRQ SDUDPHWHU
H[FHSWWKHK\GURJHQGLOXWLRQFKDQJH7KHSHDNRIWKHTXDQWXPHIILFLHQF\LVQRWVKLIWHGZKLFKPHDQVWKDW
WKHHQHUJ\EDQGJDSRIWKHLOD\HULVQRWDIIHFWHGE\LQFUHDVLQJWKHK\GURJHQGLOXWLRQ0HDVXULQJWKH7DXF
HQHUJ\ VXSSRUWV WKLVREVHUYDWLRQDQGJLYHV WKH VDPHEDQGJDS(J H97KHHQKDQFHPHQW LV LQ WKH
ZDYHOHQJWKUDQJHIURPλ QPWRλ QP:HDVFULEHWKHTXDQWXPHIILFLHQF\HQKDQFHPHQWWR
ED
D E
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WKHLQFUHDVHRIWKHFROOHFWLRQOHQJWK/FGHILQHGDVWKHDYHUDJHGLVWDQFHWKHSKRWRJHQHUDWHGFKDUJHFDUULHUV
FDQGULIWEHIRUHWKH\UHFRPELQH

7KLVSDSHUSUHVHQWVDPHWKRGWRGHWHUPLQHWKHFROOHFWLRQGLVWDQFHRIGULIWGULYHQVRODUFHOOVKHUHSLQ
IURP WKH PHDVXUHG LQWHUQDO TXDQWXP HIILFLHQF\ ,4( 7KH PHWKRG LV DQ H[WHQVLRQ RI WKH PHWKRG
GHYHORSHGE\%DVRUH>@DQGZLGHO\XVHGIRUGLIIXVLRQGULYHQVRODUFHOOV>@7KHH[WHQVLRQRIWKHPHWKRG
LVGHULYHGEDVHGRQWKHPRGHOSURSRVHGE\6FKLII>@ZKLFKFDOFXODWHVWKHVKRUWFLUFXLWFXUUHQWGHQVLW\
-VF */F  
7KHJHQHUDWLRQ*RIFKDUJHFDUULHUVGXHWRWKHLQFLGHQWOLJKWLQWHQVLW\φLVZULWWHQDV
* HφαH[SαG  
ZKHUHHLVWKHHOHPHQWDU\FKDUJHαLVWKHLOD\HUDEVRUSWLRQFRHIILFLHQWDQGGLVWKHLOD\HUWKLFNQHVV7KH
PRGHO VKRZHG D YHU\ VDWLVIDFWRU\ H[SODQDWLRQ IRU WKH VKRUW FLUFXLW FXUUHQW GHQVLW\ >@ :H ZULWH WKH
LQWHUQDOTXDQWXPHIILFLHQF\
,4( αH[SG/α/F  
DVDIXQFWLRQRIWKHDEVRUSWLRQOHQJWK/α α7KHUHFLSURFDORIWKHLQWHUQDOTXDQWXPHIILFLHQF\
,4( /α/FH[SG/α  
:HUHZULWHWKHUHFLSURFDORIWKHLQWHUQDOTXDQWXPHIILFLHQF\DV
,4( /α/F>G/α@ZKHQ/α!G  
7KH OLQHDU ILW RI WKH UHFLSURFDO RI WKH LQWHUQDO TXDQWXP HIILFLHQF\ YHUVXV WKH DEVRUSWLRQ OHQJWK
DFFRUGLQJWKHHTXDWLRQ
,4( G/F/α/F  
JLYHVWKHFROOHFWLRQOHQJWKDVWKHUHFLSURFDORIWKHOLQHVORSH7KH<D[LVLQWHUFHSW< G/FHQDEOHVWKH
HVWLPDWLRQRIWKHRULJLQDOLOD\HUWKLFNQHVVG:HXVHWKHHTXDWLRQ
,4( </α/FZLWK< G/F  
WRGHWHUPLQHWKHFROOHFWLRQOHQJWK/FIURPWKHVORSHRIWKHVWUDLJKWOLQHDQGWKHHVWLPDWHGWKLFNQHVVIURP
<ZLWKWKHGHWHUPLQHG/F:HDSSO\WKHPHWKRGWRWKH WZRFHOOVZLWKYDULDEOHK\GURJHQGLOXWLRQUDWLRV
DQGVKRZWKDWLQFUHDVLQJWKHK\GURJHQGLOXWLRQHQKDQFHVWKHFROOHFWLRQGLVWDQFH

)LJDSUHVHQWVWKHLQYHUVHTXDQWXPHIILFLHQF\SORWYHUVXVWKHDEVRUSWLRQOHQJWK/αRIERWKFHOOV7KH
GDWDILWVZHOOWRDVWUDLJKWOLQHDFFRUGLQJWRHTXDWLRQLQWKHPRGHOLQ$SSHQGL[$7KHLQYHUVHRIWKH
VORSHRI WKH VWUDLJKW OLQHJLYHV WKHFROOHFWLRQGLVWDQFH/F7KH VWUHQJWKRI WKLVPHWKRG LV WKDW LW HQDEOHV
HVWLPDWLQJ WKH LOD\HU WKLFNQHVV GHVWLPDWHG WR FKHFN WKH DFFXUDF\ RI /F 7DEOH  OLVWV WKH GHWHUPLQHG
FROOHFWLRQOHQJWKVIRUWKHFHOOVGHSRVLWHGDW'5 DQG,QFUHDVLQJWKHGLOXWLRQUDWLRLQFUHDVHGWKH
FROOHFWLRQ OHQJWK IURP /F    QP DW'5    WR/F    QP DW  7KH \D[LV LQWHUFHSW <
GHWHUPLQHV WKH LOD\HU WKLFNQHVVGHVWLPDWHG <×/F7KHHVWLPDWHG WKLFNQHVVH[FHOOHQWO\ DJUHHVZLWK WKH
UHDOLOD\HUWKLFNQHVVRIERWKFHOOVG QP



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7DEOH7KHFROOHFWLRQOHQJWKGHWHUPLQHGIURPILJXUHDWWZRGLIIHUHQWK\GURJHQGLOXWLRQVLVXVHGWRHVWLPDWHWKHDEVRUEHU
WKLFNQHVV7KHHVWLPDWHGDEVRUEHUWKLFNQHVVH[FHOOHQWO\DJUHHZLWKWKHRULJLQDOLOD\HUZLGWKG QP
'5
>@
/F
>QP@
< GHVWLPDWHG
   
   

)LJESUHVHQWVWKH7DXFHQHUJ\GHWHUPLQDWLRQRIERWKOD\HUVXVHGIRUWKHFHOOVDW'5 DQG
7KHOLQHDUILWRIα(YHUVXV(JLYHVWKHVDPHHQHUJ\EDQGJDS(J H9IRUERWKFHOOV,QDGGLWLRQ
WKH VOLJKW GHFUHDVH RI WKH DEVRUSWLRQ FRHIILFLHQW QHDU WR DQG LQVLGH WKH EDQG JDS IRU WKH OD\HU DW 
GLOXWLRQUDWLRLVSUREDEO\GXHWRWKHGHFUHDVHRIGHIHFWGHQVLW\DWWKHH[SRQHQWLDOEDQGWDLOVDQGLQVLGHWKH
JDS















)LJD7KHOLQHDUILWRIWKHLQYHUVH,4(YHUVXVWKHDEVRUSWLRQOHQJWKGHWHUPLQHVWKHFROOHFWLRQOHQJWK/F7KHFROOHFWLRQOHQJWKLV
LQFUHDVHGE\LQFUHDVLQJWKH+GLOXWLRQUDWLRZKLFKSURYHVPDWHULDOSURSHUWLHVHQKDQFHPHQWE'HWHUPLQDWLRQRIWKH7DXFHQHUJ\
,QFUHDVLQJWKHK\GURJHQGLOXWLRQUDWLRIURPWRGLGQRWDIIHFWWKHEDQGJDSRID6L*EXWGHFUHDVHGWKHDEVRUSWLRQQHDU
DQGZLWKLQWKHEDQGJDS
 &RQFOXVLRQ
7KLV SDSHU LQWURGXFHV D PHWKRG WR GHWHUPLQH WKH FROOHFWLRQ OHQJWK RI WKH SKRWRJHQHUDWHG FKDUJH
FDUULHUVRIILHOGGULYHQVRODUFHOOV7KHPHWKRGH[WUDFWVWKHFROOHFWLRQOHQJWKIURPWKHPHDVXUHGLQWHUQDO
TXDQWXP HIILFLHQF\ :H DSSOLHG WKLV PHWKRG WR GHWHUPLQH WKH HIIHFW RI WKH K\GURJHQ GLOXWLRQ UDWLR
LQFUHDVHRQWKHFROOHFWLRQOHQJWKIRUD6L*HEDVHGSLQVRODUFHOOV,QFUHDVLQJWKHGLOXWLRQUDWLRIURP
WRHQKDQFHVWKHFROOHFWLRQOHQJWKWRQPIRULGHQWLFDOFHOOVZLWKQPWKLFNLOD\HUV7KH
PHWKRGHVWLPDWHVWKHRULJLQDODEVRUEHUWKLFNQHVVZLWKDFFXUDF\RI
$FNQRZOHGJHPHQWV
7KLV ZRUN ZDV SHUIRUPHG XQGHU D MRLQW GHYHORSPHQW DJUHHPHQW EHWZHHQ ,%0 5HVHDUFK DQG WKH
*RYHUQPHQW RI WKH $UDE5HSXEOLF RI (J\SW WKURXJK WKH (J\SW,%01DQRWHFKQRORJ\ 5HVHDUFK&HQWHU
D E
 Osama Tobail et al. /  Energy Procedia  10 ( 2011 )  213 – 219 219
(*1&7KHDXWKRUVWKDQN0+RSVWDNHQIURP,%0IRUWKH6,06DQDO\VLV:HDUHDOVRYHU\JUDWHIXOWR
$0DURXI0(O$VKU\DQG$$ER.DQGLOIURP(*1&IRUWKHIUXLWIXOGLVFXVVLRQV
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